ya.

/—7

» Los Alamos
NATIONAL LABORATORY
————— (37.0%4) ~

LA-UR-21-21190

Approved for public release; distribution is unlimited.

Title:

Author(s):

Intended for:

Issued:

Electron Bunch Compression, CSR, mBi, Laser Heater & Machine Layout
Nguyen, Dinh C.

Anisimov, Petr Mikhaylovich

Neveu, Nicole

USPAS 21 lecture slides

2021-02-09




Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher

recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution,
or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as
work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom
and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its

technical correctness.



, “'] U.S. Particle Accelerator School
)

January 25 — February 19, 2021

L

VUV and X-ray Free-Electron Lasers

Electron Bunch Compression, CSR, uBI,
Laser Heater & Machine Layout

Dinh C. Nguyen,! Petr Anisimov,? Nicole Neveu?
1 SLAC National Accelerator Laboratory

? Los Alamos National Laboratory

NATIONAL

<% U.S. DEPARTMENT OF Stanford f_'! ACCELERATOR

A sas N ’ A- ®
ol @ 5 ENERGY : . e N LABORATORY
N University




e. ‘ h NATIONAL

ACCELERATOR

~ l-ﬂ\o LABORATORY

Thursday (February 4) Lecture Outline_

Electron Bunch Compression
Coherent Synchrotron Radiation (CSR)

Break
Microbunching Instabilities & Laser Heaters

Machine Layout

Time

10:00 — 10:40
10:40 — 11:00
11:00 — 11:10
11:10 — 11:30
11:30 — Noon
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Bunch Compression Overview

Photoinjectors produce electron bunches with ~10 ps bunch length and ~10 A peak current. To obtain kA peak current at
the undulators, we compress the bunch by imposing a “chirp” (a linear energy-z correlation) via off-crest acceleration,
followed by a chicane compressor to rotate the “chirped” bunch into an upright ellipse, i.e., a compressed bunch.

Compressed, high-energy e- bunch

Long e- bunch Chirped e- bunch Compressed e- bunch
~10 ps : ~40 fs ~40 fs
Off-crest / Chicane “ On-crest 0 Undulators
acceleration Y 4 compressor acceleration

v
’ Relative energy deviation vs. z First-order pathlength change in chicane
5(z) = kz+ 0(z%) Az = Rg60
| ]
-7 0 . . .
First-order momentum compaction of chicane

Rss = — (3L +2D) 62
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Creating an Energy Chirp in RF Cavities

=
7

Energy versus z , coordinate along the bunch V, e,

E(z) = Ey + eVycos(kz + @)

Relative energy deviation, 6 versus z - 0
eVy(cos(kz + @) — cosp)
6(z) =
Ey + eVycosp
5(z) = kz + 0(z?%) , —

Energy chirp

AEKE) (%]

G keVysing
dz  E,+eVycosp

K

-0.2 0 0.2 0.4 0.6
Z [mm]
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Chirper Cavity R Matrix

X
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y
Z

Exit centroid energy

Ey. = Ey + elVycosp
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R21 R22
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0 0
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Head

Chicane as a Non-linear Bunch Compressor

Tail

/

Chirped electron bunch

Az = R566 + T56662 + 0(53)
First-order momentum compaction
4
Rec = —6°2 <§L + ZD)

Second-order momentum compaction

3
— 5 Rse

T ~
566 2

S~

)

Tail

Head Y

Compressed electron bunch
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Physical Dimensions of LCLS-II Chicanes

BC1 BC2

Dipole L 0.2 m 0.54 m
Distance D 3m 1041 m
Total length 6.3 m 23.7 m
Angle 6 0.087 rad 0.05 rad
Beam energy E, 250 MeV 1.6 GeV

Approximate value of R, for D >> L

Ree ~ —262D

Vary R by adjusting the dipole
magnetic field, thus changing &
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Combined Chirper-Chicane Transfer Matrix

Transfer matrix of the RF chirper cavity

Z1q 1 E(') Zo
(51) - K iy (60)
Elc

Transfer matrix of the chicane

(=G 5)-(6)

Multiply these two matrices together, we obtain
the combined chirper cavity-chicane transfer matrix

Eq
1+ kRsy Rgg—
(5,) = 5| (5)
§ Eic

Particle position at the end of the chicane

E
Zy = (1 + KR56)Z0 + (_O >R5650
Elc
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Final Compressed Bunch Length

Final rms bunch length

2
E- R
Ozf = \/(1 + KR56)2022,i + (_Ew) R§6U§,i
fc

Minimum compressed bunch length is achieved

> Z
with the final ellipse in upright position .
o |
56 — ¥ — R65
Compressed electron bunch
. Eic
O-Z,f - E_ R5605,i
fc
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Nonlinear Bunch Compression

3 //
Particle energy as a function of bunch coordinate B ;
2 s °
5(z) =kz+ uz* +... 5
Linear chirp | 2 :
k<eV, _ —
—_ -0.2 0 0.2 0.4 0.6
Second order curvature U= oF cosQ - [mm]
c.f ——
8t Head
Position change in the chicane with first and Cl
second-order momentum compactions S 4
=
2t Tail A
Az = R566 + T56662 Ot . . . . ]
0.0 0.2 0.4 0.6 0.8 1.0

z (mm)

Short-range wake field in LCLS S-band linac is
used to “dechirp” the final compressed
bunch, i.e. remove both the linear energy
chirp and 2" order curvature.
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Harmonic Linearizer o

Fundamental

Harmonic linearizer curvature

Ey = —kyeVy cospy \/ \/ \/

3rd Harmonic

¢px = —T ¢x

Linear chirp + 2" order curvature

Subtract linear chirp Add back the linear chirp

: 4
v :
D

Second order curvature is corrected by the harmonic linearizer

11
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Ballistic Compression

Ballistic compression is usually applied to electron beams at relatively low energy (<2 MeV). As the chirped
electron bunch propagates in the drift, the slow electrons at the head move back with respect to the center
and fast electrons at the tail catch up with the center.

o) 10
<_ _____
Drift length L
yA > YA
'> R = _L '
56 2 |
Y
Initial G, Final 5,

Ballistic compression is negligible at high energy as the magnitude of R, of the drift decreases
with the electron beam energy (1/y2).

12
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Longitudinal Phase-space Manipulation

\

Prr @ =0 v
Chirper cavity

Head

Head

Tail

Exit of buncher cavity Over-compression

Head

Exit of linac

After compression

13
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Coherent Synchrotron Radiation

Electrons at the head absorb

Electrons in the back of the bunch
emit radiation and lose energy

For electron bunches with Gaussian distribution and
bunch length longer than the critical wavelength of the
synchrotron radiation, the total energy loss can be
expressed as

W” (arb. units)

Int| —
0_4/3

z C GZ

(Ej _|5QR¥ g S
E CSR

I I L L L
=10 -8 -8 -4 -2 \] 2 4 i] 8 10
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Emittance Growth

CSR wake and dispersion cause the trace space

of different slices to spread out in x’- x space
X’
A
AX =Ry, 27
’ 7 Jcsr
X

_ o | AY

26|

CSR

7(_;.,..,_.-.»*—
>

IR

output phase space——input: LO1BC.ele lattice: LO1BC.lte



[ NATIONAL
= =@ ACCELERATOR

A
B ™Y\ | ABORATORY

Compression with no CSR and with CSR

without self-interaction

/U/ / - _ | _ Tailﬁleadb
| 7 $1 mm | _

=
7

!

//

Tm
with self-interaction Head gains energy

ar

/

%
VY

Center & tail lose energy
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Bunch Compression without CSR

1.5¢
1.0A0%L
1.00
B.0d0% |
0.51 Ik
T ] 8,07104).
ﬁ} 0.01 v% . =
“© 051 | | sodoi] ]
1.0l ’ 2,0m04| l Q-
-1.5¢ . o _
-0.6 -0.4 0.2 0.0 02 04 038 35 10 05 00 05 10 15
ﬁt (ps) - - -5 .(37). . .
=}
41
i
< 3
=
s 2t
L
3
Q

A

-0.6 -0.4 0.2 -0.0 0.2 0.4 0.6
At (ps)
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Bunch Compression with CSR

<

o

current (kA)

06 04 02 00 02 0.4
At (ps)

[ I e LY.

S

-0.6 0.4 0.2 0.0 02 04 06

At (ps)

g1 04
51 0%
4xi 04|
= 3404,
241 04|
151 04f

oL

S—

15 1.0 05 00 05 1.0 15
& (%)
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Longitudinal Space Charge
Y

4

Longitudinal space charge increases the initial small energy modulations which grow with
time.

Chicanes convert energy modulations into density modulations and thus magnify the
microbunching instabilities.

21
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Microbunching Instabilities

-0.10 -0.05 0.00 0.C5 0.10

(%)

Relative momentum deviation

—
o

At (ps)

22



LCLS Laser Heater

Ti:saph
758 nm
<15 MW

|

0.5-m undulator

Injector at 135 MeV

I

[

i

Il

i

.J|||LJ|||LJ|||L+%

23
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Machine Layout

24
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LCLS CopperLlnacX ray FELat SLAC

| Pulsed
4 wire A SN 7
scan\.rh:lers + ' & e room-temperatqf*e
FOOTNOS. [ T copper linac
= F 2 . | L EERLY
30TR DL1 BC1 ~ stopper BC2  TCAV3 BSY DL2 undulator op e
135 MeV 220 MeV 5 GeV 7.5 GeV 7.5 GeV 120-Hz X-ray pulse repetition rate
Photoinjector  Injector Linac Laser Linac 1 BC1 Linac 2 BC2 Linac 3 Undulators
Heater

1.6-cell NC Cu NC Cu S-band 760 nm NC Cu S-band Rge =-45.5mm NC Cu Rgg =-24.7mm NC Cu Hybrid PMU

2.856 GHz 2.856 GHz X-band linearizer 2.856 GHz 2.856 GHz  HXR (v) SXR (h)
6 MeV 135 MeV 135 MeV 250 MeV 250 MeV 5 GeV 5 GeV 15 GeV 25 keV

25
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LCLS-Il and LCLS-II-HE at SLAC

Cryoplant LCLS-II

LCLS-II Warm Soft X-ray

RE Gun b, Accelerator Undulator . :
?ﬁ B e L T "-—"f e N e “ ¥ { f ’ — - ,__ ~—\
_ X
L1 BC1 L2 BC2 L3 — f
Superconducting Accelerator —_——e ' =N 4 .
Hard X-ray \ < b
Undulator ‘ A/ &
Beam Beam >
SC Linac Beamline —— Switchyard Dumps :
 CuLinac Beamline —— Continuous-wave liquid helium cooled SC linac
SC Linac Beam energy
LCLS-II Injector, L1, L2, L3 4 GeV . ..
LCLS-I-HE  Additional CMin L3, 14 8 GeV High-repetition-rate (<1 MHz) X-ray pulses
186-MHz gun + NC  SC Linac Rsg = SC1.3 GHz =-55mm  SC1.3 GHz =-37mm SC1.3 GHz Hybrid PMU
1.3-GHz bunchers 1.3 GHz -3.5mm 3.9-GHz linearizer HXR (v) SXR (h)
0.75 MeV 100 MeV 100 MeV 250 MeV 250 MeV 1.6 GeV 1.6 GeV 8 GeV 0.2 - 20 keV

26
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SHINE XFEL at SINAP
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EST.1943

i e 1) MR
Y T O ‘ Ultra Short Ultra Intense laser

2 Shanghai Synchrotron
Radiation Facility

‘”‘(J L@} sonx- RayFEL :

:} 2N Ty ,
ol !'
SXFEL user facility DH" .1

Shaft #1 Shaft #2 Shaft #3 Shaft #4 =" Shaft#5

Shaft #2 Shaft #3 Shaft #4 Shaft #5

?haft L Beam Switchyard Beam Damp [l Near Experimental Far Experimental
njector 39*88

5 A I t — . O — 47‘
ccelerator |
Undulator Beamline 760m Long Beamline
1430m 400m 205m -

1S44m 2003m 2248m 3110m

217-MHz gun + NC  SClLinac 1030 nm SC 1.3 GHz ¢=-55mm  SC1.3 GHz c=-37mm SC1.3 GHz 2 PMU lines
1.3-GHz bunchers 1.3 GHz 3.9-GHz linearizer 1 SCU line

0.75 MeV/2.4 MeV 100 MeV 100 MeV 270 MeV 270 MeV 1.5 GeV 1.5 GeV 8.6 GeV 0.4 - 25 keV 27



e. ‘ h NATIONAL

ACCELERATOR

Jl—ﬂ\o LABORATORY

European X- ray FEL at DESY

2700 pulses \
0.6 ms 99.4 ms /!

10-Hz macropulse repetition rate
4.5-MHz micropulse repetition rate

1.5-cell NCCu SC1.3 GHz 1030 nm 56 = -150 SC1.3GHz Ry =-120 SC1.3GHz s = -80 SC1.3GHz SASE 1-3
1.3 GHz 3.9-GHz linearizer to -30mm to -50mm to 20mm HPMU

6 MeV 130 MeV 130 MeV 130 MeV 600 MeV 600 MeV 2.4 GeV 2.4 GeV 17.5 GeV 30 keV

SASE 1 has the XFEL highest photon energy

28
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Summary

e X-ray FELs use multi-stage compression to shorten the ps electron bunches from
the photoinjector to produce femtosecond bunches with kA peak current.

* Bunch compression is routinely performed with a chirper cavity and a chicane,
sometimes in multiple stages through the linac, with counteracting effects of the
non-linearities in the cavity (RF curvature), wake field and harmonic linearizer.

* CSR introduces emittance growth and energy spread in the compressed bunch.

* Microbunching instabilities can be mitigated by using a laser heater to increase
the energy spread of the low-energy beam to reduce longitudinal space charge.



